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Abstrac-.l, ‘1’111:  (lcb . tjon of variatio]ls  in solar jrradiance by satellite-
based mpcri]ric], 1s dul i~lg  the last 17 years stimulated rnodelling  efforts to
help to iclerltifj’  [ hIi r ( aum and to provide estimates for irradiance data
when IIC, s; II,(llitI: (Ihst I vatio]ls  exist. IIcciiusc  c)f the lack of quantitative

-1
hysical  ]ncde]s  d so’ ill irradiance,”  the c.urmnt  empirical  models hav~ -

.een devclcl~wd  wil h 1 !Ic.ar ]e.g] msio]l-!irtal  ysik;  which can give only overall
infoiivnation  ~bo(it  f h~ phys!cxil  origin of irriidiance  changes. In this paper -

‘we usc wavel(:t  i.r I d c I oss:c.c)i  relation tcchuiqucs  to analyze the changes
observed in fot~l i:LJal irradiam(. e arrd its surrogates, including the Mg h
& k corcto v:i]i}, ) ati(  I ii.nd the full clisk integrated magnetic flux.

10 IntroductioI~

The total radiaticn~  I ec.~i]cd (1 om the Sun on the tcjp of the Earth’s atmosphere
at 1 AU is c.allcd “’~(i!ay  ((mf [ imt”. Olwrvations  of tota~ irradiance from space
within the last c)nc ti)]d  a tIaI  f decades demonstrated that this important astro-
physical quantity cliall[I,c:  o time  scales from Ini]lutes  to years and decades,
The most i]npw tallt d is( (w( 1 Jr of the S~KW-~JOrllC’ irr tidiance observations was
the 0.1% pe.a.k-to])<wk viTi[lio]L  iu total sc)lar  ir] adiance over the solar cycle
(Willson & ]Iudson,  ) !!M ). !hr,ce t}ie  solar energy flux is one of the main natu-
ral driving fcu-ccs of the L(rrw t t ial a.tniosphmic a]ld clilrlate system, it is essential
to understand Mid  II Io(!d (}II obscrvcxl  irraditi~lc.e  c.}ianges.  One of the main in-
terests is to rcc!mst] uct tllc i] J a.dia.nce  c.hangm  back to the time of the Maunder
Minimum (1645 - ) 70!)1 V,I} cll little ]nagnetic.  activity was seen on the solar
surface (Ribes & NciJ[l{  :l{.ib, s, 1993). OIW very i~iterosting  aspect of this solar
anomaly is its (ou]lt  (!1 ji?.1 ( j] Lerlns c)f the valiation  cjf the solar energy output
and  i t s  impact  ml tlic II;ill ttI ‘E clil[la.te, ‘1’lLc dearth  of sunspot activity during
the Maunder h~inil[luln  was j ~ldeecl  coi][cident  wit}l a cold period in Europe and
Atlantic regiorl,  k!low][  aJ t)II  l,ittlc ICC! Age.

It is now well ]lC)WJL I h a~ the variations in tottil solar irradiance are directlyb
correlated with lhc s(d;:]  Illal,rctic  activity cm both sholt  and long time scales,
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this latter cmc i!: allw,’:~ d bj the  lcII~,t.h  of the time  series at our disposal, that
is the 1 I-yw? 501:;1 { y(le, ‘] ’he A(lrt-tcr]n  irradia]]cc  changes (from days to
months) are  Iclat  U? t {1 t}Ic.  l~mlhined effect clf dark sunspots  and bright faculae
(E’rtihlich et a)., 19!)]) ‘J’l,e long- tcm,, charqjcs over the solar cycle are attributed
to the evolut!on o~ ]lla~,]ie:  ic fields via, the chang,ing mnission  of faculae and
the magnetic netww L ( I ‘OL kid & 1,ea n, 1988), }lowe.ver,  the current empirical
models develoJwd f 10J I I “ pr I>: y’) data  for sunspots and bright magnetic features
cannot explain all th[ a!])e is of i] radiance variability. It has been shown that
considerable variation  cd tcd :~1 irradiallcc  remains  uncxpla.  ined after removing the
effect of sunspotc,  f:iru [al a] d t}w ]rla~,netic.  nctwo]k  (Fr6hlich  & Pap, 1989). One
may argue that ttw p] {MiQ.R, cspecia~]y  the ones used for describing the changing
emission of bright ]tlaf I!((  ic (lemellts,  have to h i]nprovml, Unfortunately, as far
as photosphcvjc  fac u lii a’ c c ,Iicerxled, there is xtc~ good synoptic data set on their
occurrence, S(IIIIe at 1(  I n~~t,s  Ii.ave  bewl  made. to estimate the effect of the bright
magnetic elmocrlts  eit II(J v ith tllc. l]eI index (F’oukat  &, Lean, 19$8; Frohlich,
1994) or wjth  Ih(I M[1711 II & k c.oleto  wing ratio (Mg c/w) (Pap et at., 1994) in
order to model tot<11 m; i) t ir ] id ia~l cc c.orre.cte.cl for m rispot darkening by means of
the l’hotomet]ic  $IIIiS]KJl III{CX (1’S1) (Frtihlic.h  et al.,  1954). But none of these
models is rea.!]y  c(mv; TI[.l IIg. II: .o]~t]a~t,  it should be. pointed out that techniques

)
for trying to fi]ld t hc h~!?l Ii] (.’ar  it trctween  two c)r three. parameters do not take
into account the possj),’lr ccl].,l)lix  g between them (as reported also by Pap et al,,
1990). For exam])lc,

1!
,tw~(~{ l[#!lporti,y  sto,agc and subsequent gradual release

of the energy dcficil  ~ tlIF:  sli~kpot-related dips ill total irradianc<~~be taken
into account v’ith su(h sill~~; ,’ ]nodels?  in adclitioll, it is necessary to know more
about the possilllc  t! lll[! dcl; y bet,wcwl the storage.  and release of’ this energy in
order to explai~l  the rc r; cli: lion nlccllanis~nt

The  ai)n of this ~J:l(r :: to app] y a relativ~l y new technique, the wavelet
analysis, to st ucly 1 } c cl IaTIio(Is  okrwd  in tc}trd  irradiance,  We also use the
wavelet technique! to r(.rll(w( the long, -terln  trend froxn total irradiance and its
surrogates and to K t u d y th( I esid u al shc)rt-  term variability. Cross-correlation
between the dctm!]ldd  ti ]rlc series shoulcl  give us so]rie additional information
on the possible ( ol]],lil,)( l,ctwwm total  solar irradianc.e  and its surrogates, such
as the Mg 11 h &. k (.m( t(.) wi ]lg ratio (Mg c/w), the ]’hotometric  Sunspot Index
(PSI,  not  treatwl  },,Ic) HIIC1 I }1(,  full disk ~na~netic flux,

2.  The wave]et trntlsforlll:  a short  d e s c r i p t i o n

Signal proce.ssin~ . ~ cc{ )I:t r ( tion of time mrie.s fro]n composition of defined
bzwis functions - is ],OV.I  c~so tial fc~] ~c.icmtific  studim.  It allows us to describe
the data we have flo]l v;l~i~ )NS sc~urces. l]ut for ari optimal description, the
reconstructed t.ill]v  FWT iia lla~,:  to be as near  as posfiible  to the original signals,
In the case of st udyi]l[,  ]io:isI iticma~y  signals,  wherl transient events appear but
they cannot be pxcdi ( L(:I  CV{ II on a statistical for]n, there is an urgent need to
develop and apply  tod [~itiu~  L. dificre]lt  from the Fourier transform. And the
wavelets are part of tht,.s(  tt .llniques. ‘J’he wave.1 et transform can be defined
as a time and Gcalc tri~lsfori?i, ‘J’his  t.ransfolm consists of making successive
projections on basis ful~( ti(llli which ale. located ill t.irrle a~ld each basis function
is a tirne-dilati]lg  of its ])~ cvi( us one. (a~~d this corl c.spends to scale information
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which could be COIIl]~iiTi  d to I he irlforlllation  contained in a frequency band). For
further details on tlIc v avdc,  anal yfiis  we refer t)le readers to the monograph by
Meyer (1993).

our first otjjwtiw  it tc fixld  a better technique  to represent the long-term
variations in tcdal ~ola Y jl I a !iance  Mlcl its SU] rc)gatm  than the classical Fourier
t r a n s f o r m .  For tllih  pIJI  I)CJ[,. we usc the wave] et technique. l’he  advantages
of the wavelet tdIII’Iq IIC VCI sus the 1’ou] ie~ tralisfcmn  have been discussed by
Vigouroux & 1 Madlc ~ 1 !N3 i and Vi?,ourcmx  et al. (1995) so that we refer the
readers to them pa])rr~. \V[ just poi]lt out that cme of-the  b-est  benefits of the
wavelet transform i! t)la~.  thl thrc.sl~olrling  p~ocwlure is($ime-depending.->

Since our prit[la’y ill(er!  st is to study  irradiallc.e variability and its relation
to solar magnetic acliiit j’ O, CT nlol~ths  to ye.a.r~, ally changes shorter than the
solar  r o t a t i o n a l  p(:]  iod ]Iiivc hem collsidexed  M “nc)ise’> and removed from the
data by calculatill~,  ][1o! It III y iivera~,e.s  in a similal way as published by Vigouroux
& Delache  (1994]. ‘II), (: disj,msicnl  of the daily data within 30 days has been
calculated as Qr~o I. liar t: ii:IId  vmiatiolls  within 30 days are considered as ‘%oise”
even if, in this case, the ~’xic’  SC.” ‘]s solar,  rather t.llalp instrumental, in its origin.
The error-bars vcr~us  Lli(:i]  r(jrr[:s1)011di)~g~30  day~xiverages  have been studied
in detail by P?.li et al. ( ) !}9!I). It has been s~IowIl tha,t the. dispersion values are
higher during the ]rltil  i] luI of the solar activity cycle than during minimum
activity conditio]ls. $)11,(  e [he thresho]d  is time- clependent and it hence will
depend on the size (JI t IIc r.TJI u-bals of the cmigina!  c]ata,  w@ can su pose that the

()
wavelet proccsfiil+, wil! II 1A+ less c.fltwt to follow the ]no Ith-to-mo  th variations
during solar nlaxi~lju~l  ttla~ during  solar Inillimum. 44

. . -“

3* Month-to  -m(l]lt Ill \wI i~itions  as revcalecl  hy the wavelet  technique

Figs. la-d rcyjlescrlt  1 I)( HI ,)lthly  averages c)f the investigated time series with
their respective cr]()]-l,al S. I tl the cam of gaps in the clata we have made a linear
interpolation, ‘.i’llc el} (:u ha ~ [: of the interpolated data have been calculated as
the maxima bctwci)l  t.li{ c 1 or-bars of the two IIe.ighbcming  points in order to

1 tc] tile interpolated data. Fig. la shows theavoid giving, toe) 11111(}1  we.!)’,  It

full disk integral cd II ~ a[,IIcI IC flux (11 arvey, 1994), whereas the Mg c/w ratio
(Donnelly et al<, ] {t94 ‘j it p csentcd ill k’ig. lb. ~’otal solar irradiance observed
by the Nimbus. 7/111{ 1’: :adi)lr~etc.r  (Kyle et al., 1993) is plotted in Fig. lc, its
value corre.c.tcd fol su [ ls;lot d arkcni~lg  by means  of the PSI function (hereafter
SC) (Frohli c.h v.t 21., 1!1[!4) ,S s}lcw]l  in Fig, 1 d. ‘J’he. models of the solar cycle
variability derived w;ttl  wav(]c.t a~lalysis  axe presented by solid lines on each plot.
In order to rclllovc f} r 10III. ter]ll  val iat.icm over the solar cycle from the time
series, the a}l]kropl iatt v:av, ld models have been subtra,c.ted  from the observed
data. The resjduzd ti~ c m.r(::i, rep) wwnting  the. IIlcmth-to-rnonth  variability, are
plotted in Figs, 2a d.

To study the lill(al as oc.iation  between the ~nonth-to-month  changes ob-
served in va.ri(juf;  d a t.a WI.S,  we have pe.rfol~nc.d  a clom-correlation  analysis. The
cross-correlation s]~(!c  I ril h twccII the time series  are presented in Fig. 3. It
has been shown t.hiit  i]l th’ cam c)f a random  time series, which has the same
number of data  ]Ioi]ltr aI thI r e.si d u afls, $15% of th c. valum in the cross-correlation
spectrum lie Iwtv:(x:)i :1 2/~ ‘IN), whore NC 149 (Chatfield,  1984). Accordingly,
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the significant level fcn tile. f 1 oss-c.orrwlatjon  between  the irradianc.e  values and
the full disk mti~,]lctic  fux is 0.164, a.lld it is ]ep] wwnted by dashed lines in Fig.
3.

The results of i he. I: I (m correlation betwee.rl  the Nimbus  -7/ERB total irrw
diance and the full disk IIIag :Ietic flux are prweuted  in Pig. 3a, As can be seen,
there is a slight wit i o Iri t:la’  ion bCtWCeIL these  t~w indices with zero time-lag.
We note that this iillti({rr  latio]l  is ]nc)re  prxmounced  ill the case of the P S I
function (r = [1.’~, I!td F}LOV 11 h~.lc.),  indicating that 6UnspOt6  reduce total so-
lar irradiance fiTi(l fhc~ c tiII  ( xplai~l  shout half of its Aort-terrn  variability (cf.
Chapman, 1987). AI(1 I: IIIF,lI  tho )llag,]letic  field is the strongest in sunspots, its
value is also c.l(ha)lc((l  ~ u (hQ p]esence,  clf bright  n~a[~lle.tic  features which increase
total irradianc.w ‘1 ‘JlcIffoT c, ~ }ie a.nti-c.orrelation  bctwcwn  the magnetic flux and
irradiance dcfif.itf.  i[ lC. H vis I)le. It is interesting to note that a significant posi-
tive correlatiol~  h.w tm u fcN IId  bc.twce.n  total  irr.adiance and the magnetic field
at -10 months  tilll(~ltij~,. S r) Iila.r ] esults have hem fcmlld in the case of the
SMM/ACRJM  1 to{ ~~ i] J ~di~lce  (not shovw hme.).

The cross  c.or J c~at  1011 h t wee]l  S, and the. magnetic flux is presented in Fig.
3b, whereas 1:’i~,. 3( I hi ws t lie. sme for the Mg; c/w and the magnetic flux.
As can be SWVI, ihc ( ro~s-(  I urelaticni  cliagrmns  fol SC (Fig. 3b) and the Mg
c/w ratio (Fig. 30  SIIOYJ a KiInila,r  p a t t e r n . Positive. correlations are found at
O, 1, 5, and 10 III(HIthI  t i III( lags,  whcvwas  aIlticc)rrc~a.tion  is seen  at time-lag of
-3 months. ~llc  positi w co:~elaticm with O timclag  indicates that the weaker
magnetic fieldfi of ])la{’w aI d the active netwcnk  i?lcreasc  both SC and the Mg
c/w ratio. A I)IOIC drt ii] d ~nalysis  c)f the indiv~clud  wavelet  components of the
time series (ViF,ouIou> rl. a’,, 1995) shows that there is a negative correlation
also at 4-3 moIIths t i III(: 1 a,g w~llich  c.wIIIot  be seen from a simple cross-correlation
between the dctrc)id~.(i  dat  i frets. Vigouroux  et al. (1995) have also found the
exjstenc.e  of a $- 6 mfinl  hs ]Icriodicit  y in the datti,  similar to other studies (e.g.
IJai  & Sturro(.k,  I<!871,  WIII  (} I h moIe pIonouTice.cl  during the maximum and
declining portiml  of E(II a I c~ (1c 21 fhan  during solar lninimurn  as well aa during
the rise and niaxi]llu]]l  r.)f ( yde 2.2. In additicm, three. is a trend related to a
longer period  icjt. v (a]){ U(l 32 ]nolltbs) cluring  solal  cycle. 22 which may demolish
the anticorrelidiou  :it t,ltc  .! 8 months  titue.lag.  Pinally,  we note that there is
an asymmetry in tllc (. I (ms correlation spcc.tra.  between the magnetic flux and
S C  (Fig,  3b )  ti]ld M(I (/w (l~igo 3C ). Fmther investigations are required to
clarify whe.thcr fhi~ a’:y  II II Ii{try is related tcl the apparent differences between
solar cycles 21 and W v,}lic.’l  wax first pc)i~lted cwt by White et al. (1994).

Fig. 3d s.howt t 1 c ( ro ~ co]] elation bctwccw S’, and the Mg c/w. As can
be seen, there is a st! o[t~; jositive  ccmwlalicm  between the two data sets with
zero time-lag, incli( ~ti fl~’ t}i ~t alftcr climinat  i?lg the eflect of sunspots from total
irradiance, its vz;tiatlilitj if similal t o that clf UV irradiance as represented by
the Mg c/w rat,io. 1 :ct cl(’s t i,c pcmitive  c.orrelatioll  at zerc) time-lag, an additional
peak is seen ill the cril~u co I daticm spectrum at -I 10 mcmths time-lag,

TO study the till]{  dda;,~ bet,wccil  the examined datz sets in more detail, the
cross-correlation h ti~: lIWII c,-lc.ulatcd  Iletwee.n the individual  scales of the wavelet
transforms c.ol J c.s]x~ll(ii],~.  t ! diffcve~[t frequency bands. The solid line of Fig. 4a
shows the. cross  c.( lr! c1 alic]l  diagrw[l between the sccolkd  scale of the wavelet
transforms,  CX.U  IChIJOIId I TIg to 4 - 8 months pe.I iodicity,  of the magnetic field
and Mg c/w ~atio, ‘J Ii~ da. led li?,c  shows the autc)co~relation of the magnetic
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Figure 3. (h os~ corl riitior, between the data sets detrended with
wavelet  td~r[ifju~

field strength. As (iiJI Iw SC,(II, the crc)ss-ctlrrclati{j]l  between the magnetic field
and Mg c/w is si ltIil ~ ] t{ ~ tl{ pattern of the. autoccwre]a.tion  of magnetic field,
except that the vtiluc  ~ I I II ~ ~llth time delay is almost as strong as the one at O
time-lag. We ]Iotc t], ~1 [:; t Ilil .T recults  have been found for the first scale wavelet
transforms (2 - 4 II IOIIt Iii p{ iodic.ity)  in the, cam of both the Mg c/w ratio and
s..

The results of t,ht ( I (m c.orrelat ion bctwec~l  the. third scale (correspond-
ing to 8-16 ]nt]]tt,hs  ~](rif)dit itie.s) c~f wa,vcl~.t  tra.rlsfcurns of the magnetic field
and Mg c/w we l)lcm[lt{d  ~ II Pig;. 411, where tllc. dashed line shows again the
autocorrclatior{  ft,l i“t,[ ll,;i~,l+ctic.  field stl cng,th, in this  case, the maximum of
the cross- corre,lati~.)1, is f’oun{ for 1-2 lncmths  tilljc delay. Furthermore, an anti-
correlation fcu -4 I[l(l:lt}ls  tilcla,g is seen in the moss-correlation but not in the
autoc.orrelat.ion  of tlli’ ] 11::~’,llt  tic field, ‘1’hese lesrrlts indicate that the changes in
the Mg c/w r-al io (;IT) d S’( ) a Id the magnetic  flux a,~e similar on time scales less
than 8 months, but thl: {lifl~  1 c.ncm bccomc mcme obvious if we compare longer
term variability es,

The solid lines in 1’]F,s 4 c and 4d prem.nt. the cross-correlation between
the second a?ld t}lil  d ~(.tiles (,f tllc wavclct,  transforms of the Mg c/w and S’C,
respectively, ‘J’he dasli(  d lill,  ~: show the autocorv elation  c}f SC. In the case of the
second scale c)f t h c VW] c1 ct t r imsform, the au t.occjrrwlation  and cross-correlation
curves fit each othcl quite WI 11, i~ldicztins  the similarity of the variations in the
Mg c/w data a.~~d tot al i r I itd i~llce  c.orl ccted for sunspot clarkening on time scales
shorter tha?l  8 rliorlf ‘tIs.  A N 1 JK,  4d shows, the crews- c.cmelation  function follows
the autocorrelztiml  of j;, to 5 months  ti~ne lag.
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Figure 4, CJ OS: c (Irr, I aticul  of the mc.cmcl and third scales of the
wavelctl  tlrallsffw[l]}: (RC.C  text) of the dctrcndcd  time series,

4 . Conclusion

Variations obscv VCCI jn IA ltal m]ar  inadiancc  on tinic  scales of months to years
have bce,n c.o]ti])a.rcd  to tltc t }1 WW,CS  j], its surmgate.s,  such as the full disk mag-
netic flux, PSI, arid the  ,Mg, c.,1’w ratio. It has been Aown  that there is a-3 months
time delay between i ht ItloI  t hl y averages clf the. full disk magnetic flux, total
irradiance COIJ ccted fo] si)lls~lot  darkclling,  and the Mg c/w, when irradiance is
leading the nlagIlc.ti(  fl ]]> va ! iiibilit~,  ‘1’he  physi(al  origin of this anticorre]ation
at -3 months  is riot Y(!I ~tlder,  food, It is a qucxtion  whether it is related to the 5-
6 months pmiodicity  fo:)l,d  i ~ varic)us data sets (e.g. ]Ia.i & Sturrock, 1987; Pap
et al., 1990) cu it IC.J)IC.[ cIIts  i Id tinlc.  delay between the magnetic flux, SC and
Mg c/w. The  ( ross u)) M’ ati 1]( Lctwc.c.11  se.ve.ral  scales of the wavelet  transfrom
of the detrendcd  clat z i ~ldic.a[ c that o]l loILg time mde.s the correlation between
the magnetic fiux a?ld ,’;( as WWI1 a-s the magnetic  fiux and the Mg c/w is quite
different from t}lc a~ltc,:c)J  rcltitio]l  of the ~na.g,netic. field. It is also interesting
that there is a. -t 10 II IOIIth S 1 IIIg phaxc shift between SC and the Mg c/w, This
indicates that  the ] c~]jin,sc  ~ tf the c.}lrol[](]s},l~e.r;c. layers  to the magnetic field
variations is quite  diflel  e.] t tl w) that. of the photcjsphcrc,  and therefore the use
of chromosphcric  ploxits  (o] ~llc)delling,  the changm  in tcd,il  irradiance may not
be adequate, 1}]] t her St u dicx of t}lc ti tile delays twtwcwn the magnetic flux and
so]ar radiation clil;ttc:d  frtj~n (Ii ffcru[t  layers cjf the solar at~nosphere  will lead to
a better unde.rxlwlclirl~,  01’ tl{’  dynamics taking place. below, in and above the
photospherw.
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